The Hardness (Ha) locus controls grain hardness in hexaploid wheat (Triticum aestivum) and its relatives (Triticum and Aegilops species) and represents a classical example of a trait whose variation arose from gene loss after polyploidization. In this study, we investigated the molecular basis of the evolutionary events observed at this locus by comparing corresponding sequences of diploid, tertraploid, and hexaploid wheat species (Triticum and Aegilops). Genomic rearrangements, such as transposable element insertions, genomic deletions, duplications, and inversions, were shown to constitute the major differences when the same genomes (i.e., the A, B, or D genomes) were compared between species of different ploidy levels. The comparative analysis allowed us to determine the extent and sequences of the rearranged regions as well as rearrangement breakpoints and sequence motifs at their boundaries, which suggest rearrangement by illegitimate recombination. Among these genomic rearrangements, the previously reported Pina and Pinb genes loss from the Ha locus of polyploid wheat species was caused by a large genomic deletion that probably occurred independently in the A and B genomes. Moreover, the Ha locus in the D genome of hexaploid wheat (T. aestivum) is 29 kb smaller than in the D genome of its diploid progenitor Ae. tauschii, principally because of transposable element insertions and two large deletions caused by illegitimate recombination. Our data suggest that illegitimate DNA recombination, leading to various genomic rearrangements, constitutes one of the major evolutionary mechanisms in wheat species.
INTRODUCTION
Genomic duplications have been proposed as a major force of genome evolution because they supply genetic raw material for more tolerable DNA diversification and allow species to evolve new functions and adapt to a wide range of habitats and environmental conditions (Ohno, 1970) . Contrasting with duplications of individual genes or genomic segments, polyploidy consists of whole genome duplication either by doubling the genome of one species (autopolyploidy) or through hybridization of two related species and chromosome doubling (allopolyploidy). Although still poorly understood, polyploidy is widespread in plant species and has already been shown to induce genetic and epigenetic events, including sequence elimination and gene silencing (Mayer and Aguilera, 1990; Wendel and Wessler, 2000; Eckardt, 2001; Pikaard, 2001; Shaked et al., 2001; Kashkush et al., 2002 Kashkush et al., , 2003 Kellis et al., 2004) . 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed. E-mail chalhoub@ evry.inra.fr; fax 33-160874549. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: Boulos Chalhoub (chalhoub@evry.inra.fr). W Online version contains Web-only data. Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.104.029181. Domestication of plant species is another important factor that affects genome evolution. First, domestication can favor spreading (and even formation) of interesting polyploid species. The hexaploid bread wheat (Triticum aestivum), for example, appeared 7000 to 9500 years ago, probably favored by human cultivation (Nesbitt and Samuel, 1995) when early farmers started domestication of the Triticum species (Feldman et al., 1995) . Second, domestication involves few individuals and consequently leads to reduced genetic diversity of cultivated plant species as compared with their wild progenitors (Tanksley and McCouch, 1997) . Third, domestication leads also to the selection and spreading of specific genes and alleles that control traits of agronomic importance and distinguish crops from their wild relatives .
Within the Poaceae, the grass genera Aegilops and Triticum constitute an interesting model to study effects of polyploidy and domestication on plant genome evolution. They include several diploid species (2n ¼ 14) that, via allopolyploidization, produced several tetraploid and hexaploid wheat species, most of which have been domesticated (Figure 1 ) (Feldman et al., 1995; Eckardt, 2001; Huang et al., 2002) . T. turgidum (2n ¼ 28, AABB) was derived from a hybridization event that happened ;0.5 to 3 million years ago between a diploid donor of the A genome (T. monococcum ssp urartu, 2n ¼ 14, AA) and another unknown species of the section Sitopsis (close to Ae. speltoides), donor of the B genome (2n ¼ 14, BB) ( Figure 1 ) (Feldman et al., 1995; Blake et al., 1999; Huang et al., 2002) . The hexaploid wheat (T. aestivum, 2n ¼ 21, AABBDD) originated from an additional Wild and domesticated species are represented in circles and squares, respectively. Ancestral species or unknown species are surrounded by a dotted circle, whereas species surrounded by a plain line circle are actual species. Species from which the Ha locus region has been sequenced in this study are highlighted in gray. Estimated dates for divergence, polyploidization, and domestication are taken from Feldman et al. (1995) , Nesbitt and Samuel (1995) , Allaby et al. (1999) , Eckardt (2001) , and Huang et al. (2002). polyploidization event between the early domesticated tetraploid T. turgidum ssp dicoccum and the diploid donor of the D genome, Ae. tauschii (2n ¼ 14, DD), 7000 to 9500 years ago (Figure 1 ).
Grain endosperm texture or grain hardness (i.e., whether the endosperm is physically hard or soft) is an important trait of these species and determines their use (Giroux and Morris, 1998; Morris, 2002) . The cultivated tetraploid durum wheat (T. turgidum ssp durum) is mainly used for pasta because its endosperm is hard. In hexaploid bread wheat (T. aestivum ssp aestivum), hardness is of crucial importance, and both soft and hard varieties are selected and marketed (reviewed in Morris, 2002) . It is controlled by the Ha (Hardness) locus located on the short arm of chromosome 5D, at a subtelomeric position (Law et al., 1978; Sourdille et al., 1996) . The Ha locus encodes friabilins that are composed of three related 15-kD lipid binding proteins: puroindoline a, encoded by the Pina gene, puroindoline b, encoded by the Pinb gene, and a less abundant protein called Grain Softness Protein, encoded by the Gsp-1 gene (Gautier et al., 1994; Rahman et al., 1994) .
The Ha locus represents a classical example of a locus controlling a trait whose variation arose as a result of gene elimination after polyploidization. The Pina and Pinb genes are absent from the A and B genomes of T. turgidum subspecies, domesticated and wild, but present in all their diploid progenitors (Gautier et al., 2000) . These observations suggest that this particular evolution of the Ha locus occurred only in tetraploid wheat species, probably early after the tetrapolyploidization events (Figure 1 ). Pina and Pinb genes were restored in hexaploid wheat (T. aestivum, 2n ¼ 21, AABBDD), upon allopolyploidization between the diploid D genome donor Ae. tauschii and the early domesticated tetraploid T. turgidum ssp dicoccum, ;7000 to 9500 years ago (Figure 1 ) (Feldman et al., 1995) . The Ha locus in hexaploid wheat has been subjected to human selection, leading to hard wheat cultivars because of mutations or genomic rearrangements (such as Pina gene loss) (Giroux and Morris, 1998; Giroux et al., 2000; Morris, 2002) .
We know very little about the molecular basis of the evolutionary events that shaped the Ha locus in wheat. In this study, we investigated the molecular basis of genomic rearrangements that occurred at the Ha locus by comparing corresponding sequences of diploid, tetraploid, and hexaploid wheat species (Triticum and Aegilops), which diverged relatively recently (Figure 1 ).
RESULTS
BAC clones anchored by the Gsp-1 gene from four species (T. monococcum, Ae. tauschii, T. turgidum ssp Durum, and T. aestivum), representing seven genomes in three different ploidy contexts, were isolated and sequenced (Figure 1 ). Comparative sequence analysis and annotation of genes, transposable elements (TEs; transposons and retrotransposons), and unassigned DNA are presented in Figure 2 . Distribution of these different sequence classes and description of coding DNA sequences (CDSs) are detailed in Supplemental Tables 1 and 2 online. The entire annotation (EMBL files) for each of the seven Triticum genomic sequences can be found in Supplemental Data 2 online.
Pina, Pinb, and Gsp-1 are three related genes previously shown to be implicated in hardness variability (Giroux and Morris, 1998; Giroux et al., 2000; Morris, 2002; Hogg et al., 2004) . The Ha locus region in the genomes presenting the puroindoline genes (i.e., T. monococcum, Ae. tauschii, and the D genome of T. aestivum) was defined as the genomic segment that carries Gsp-1, Pina, and Pinb genes (Figures 2A and 2B) . To delimit the Ha locus, especially in the genomes carrying only the Gsp-1 gene and lacking the puroindoline genes (i.e., the A and B genomes of T. turgidum and T. aestivum), we determined orthologous CDSs at the 59 and 39 boundaries of the Ha locus region using Multipipmaker analysis (Schwartz et al., 2000) (Figure 2A ) and comparison with the rice (Oryza sativa) orthologous region (Figure 3 ).
The sequence comparison shows that the TEs constitute an important proportion of the loci and that they are not present at orthologous positions (Figure 2 ), suggesting that they were active after the divergence of the A, B, and D Triticum and Aegilops genomes as well as after the polyploidization events.
Boundary of the Ha Locus Region
The first CDS (Gene1) found upstream the Gsp-1 gene in the seven Triticum genomes ( Figure 2B ) is also present in the orthologous rice region (Chantret et al., 2004) (Figure 3 ). This gene encodes a putative protein of 425 amino acids, which is 39% similar to the b-1,3-galactosyl-O-glycosyl-glycoprotein b-1,6-N-acetylglucosaminyltransferase (Core 2 branching enzyme) from Homo sapiens. Therefore, Gene1 was designated as the BGGP gene. A BGGP gene homolog (named GlcNAc gene) was also found at the recently sequenced Ha locus from barley (Hordeum vulgare) (Caldwell et al., 2004) . However, its position (gene order) is different from that of its wheat and rice homologs (Caldwell et al., 2004; discussed hereafter) .
Comparison of the CDS of the D genome of T. aestivum with the orthologous rice region (Figure 3 ) extends the colinearity beyond the Pinb gene to a block of tandemly repeated genes (Gene7) and one gene (Gene8) of unknown function (Figures 2A and 2B ). The block of Gene8, surrounded by one or more copies of Gene7, is also observed in the A and B genomes of T. turgidum and T. aestivum, thus delimiting the Ha locus region (Figures 2A and 2B) .
The predicted proteins from the Gene7 cluster are 39% similar to a cell division protein ftsH homolog (integral membrane protein belonging to the AAA ATPase family) from Helicobacter felis. Thus, Gene7 repeats were named ATPase genes. Several wheat ESTs were found to match with Gene8. This gene encodes a 534-amino acid protein that is 43% similar to a hypothetical 60.0-kD protein from Saccharomyces cerevisiae (Q03795).
The conservations of intergenic sequence indicate that the block composed of Gene8 and the three ATPase genes (7-1, 7-2, and 7-3) , identified in all the studied A, B, and D wheat genomes ( Figure 2B ), is an ancestral organization present before their divergence. Three copies of ATPase genes and several ATPase duplication events were also identified at the barley Ha locus (Caldwell et al., 2004) . As for the BGGP gene, described above, their position (gene order) is different from that of their wheat and rice homologs (Caldwell et al., 2004; detailed hereafter) .
The D and B genomes of wheat contain additional duplications (complete or partial) of the Gene8 and ATPase genes ( Figure 2B ). DOTTER program (Sonnhammer and Durbin, 1995) analysis and multisequence alignment between both intergenic and genic regions spanning the Gene8/ATPase gene (7-1, 7-2, and 7-3) interval in the D genome of T. aestivum against the A and B genome sequences showed that the block of Gene8 and the three ATPase genes was duplicated in inverse orientation ( Figure  2B , Dup2Dta). These data do not permit us to determine whether this event occurred before the A, B, and D genome divergence or exclusively in the D genome because this region was deleted from the A and B genomes of T. turgidum and T. aestivum. Gene8 has been partially deleted in the D genome (after duplication), and only 221 bp showing a strong identity (93% nucleic acid identity and 89% AA identity) with the 39 end of Gene8 remain (called Gene8-relic) ( Figure 2B ). Further ATPase gene (7-1, 7-2, and 7-3) duplications or deletions are observed within the D genome of T. aestivum ( Figure 2B ). These additional ATPase gene rearrangements seem to be specific to the D genome of T. aestivum because they are not observed in the A or B genome ( Figure 2B ).
In the B genomes of T. turgidum and T. aestivum, in addition to the block of Gene8 and the ATPase gene cluster (composed of one functional copy and two pseudogenes), two truncated ATPase genes were identified upstream of Gene8 ( Figure 2B , Dup1Btt). Coding and intergenic nucleic acid sequence comparison showed that these two truncated ATPase genes were generated by a duplication/inversion event, which involved the end of the ATPase7-1 gene, the beginning of the ATPase7-2 gene, and their intergenic interval. This duplicated region is 98% identical, suggesting a recent inversion/duplication event ( Figure  2B ) that differs from that observed in the D genome of T. aestivum.
The Ha Locus Region
Between the 59 and 39 boundaries defined above, the Ha locus varies in gene content, depending on the Triticum genome considered. In the A genome of T. monococcum and the D genomes of Ae. tauschii and T. aestivum, the Ha locus region carries the Pina, Pinb, and Gsp-1 genes, two additional degenerated copies of the Pinb gene (PseudoPinb and Pinb-relic), and two nonrelated CDSs (Gene3, which is present in the D genomes only, and Gene5) ( Figure 2B ). Pina and Pinb, as well as Gene3 and Gene5, are absent from the A and B genomes of T. turgidum and T. aestivum so that the Ha locus region contains only the Gsp-1 gene in these two taxa.
Gsp-1 (Gene2) is 495 bp long, structured as a single exon present in all seven Triticum genomes. Gene3 is hypothetical (see Methods for definition) and consists of one CDS that is present only in Ae. tauschii and the D genome of T. aestivum. The Pina gene (Gene4) Figure 2B ), a shorter duplication of Pinb gene or PseudoPinb (common sequences include <190 bp of 59 untranslated region and 60 nucleotides of CDS) was also identified in the three genomes that contained the puroindoline genes ( Figure 2B , called Pinb-relic).
Large Genomic Deletions from the Ha Locus of the A and B Genomes of Polyploid Wheat Species
The Ha locus region is relatively large in genomes containing the puroindolines genes compared with that of the A and B genomes Only one B genome is presented because the two B genomes share 99% sequence identity. Genes (CDS) (light blue), class I TEs (yellow blocks), class II TEs (green blocks), unclassified elements (gray), MITEs (vertical red bars), and repeats (vertical black bars) are shown. The remaining white spaces correspond to unassigned DNA (no features of annotation). Orthologous CDS between the different genomes have the same number or gene name. CDS duplication (Dup) and deletion (Del) events are indicated by arrows. Sequences of the genomes lacking the puroindoline genes (i.e., the A and B genomes of T. turgidum and T. aestivum) are continuous and are presented discontinuously to illustrate conserved 59 and 39 boundaries of the Ha locus region, conserved 59 and 39 ends of this same locus, and the DNA at the Ha locus region that cannot be aligned with the genomes presenting Pina and Pinb genes. The inset shows a 53 zoomed presentation of the Ha locus region of the A and B genomes of T. aestivum and T. durum (starting from Gene 2 [GSP-1 gene] to the 59 end of Gene8) and detailing sequence conservation with the other genomes presenting the puroindoline genes at the 59 and 39 ends as well as the nonaligned sequences. Boxes represent sequence conservation between the different genomes at the 59 and 39 ends. The 59 end of Ha locus region: conservations between the different Triticum and Aegilops genomes (red); conservation between the A genomes only (boxes with red lines). The 39 end of Ha locus region: conservation with the D genome of T. aestivum at region flanking duplicated Gene8 (green boxes); conservation with the D genome of T. aestivum at region flanking Gene8-relic (boxes with green lines); conservation between the A and B genomes only (blue).
of polyploid wheat species, where the puroindoline genes are absent. In the D genome of T. aestivum, the entire Ha locus region (from the Gsp-1 gene included in the 59 end up to the 39 end of Gene8) covers 82,353 bp ( Figure 2B ). In T. monococcum and Ae. tauschii, the available sequences of the Ha locus region (from the Gsp-1 gene included in the 59 end up to the 39 end of the BAC because Gene8 is not available) cover 75,156 and 89,806 bp, respectively ( Figure 2B ). This corresponds to an orthologous segment of only 61,135 bp compared with that available for the D genome of T. aestivum. In the wheat genomes lacking the puroindolines genes (i.e., the A and B genomes of T. turgidum and T. aestivum), the Ha locus region covers 3923 and 5323 bp, respectively, for T. turgidum and 6630 and 5321 bp for T. aestivum. The Gsp-1 gene is the only CDS present in the Ha locus region of these genomes, whereas Pina, Pinb, PseudoPinb, Pinb-relic, Gene3, and Gene5 are absent (Figures 2A and 2B) . These results show that the previously reported loss of Pina and Pinb genes from both the A and B genomes of polyploid wheat species (T. turgidum and T. aestivum) (Gautier et al., 2000) is due to one or more genomic deletions of the whole genomic segment carrying Gene3, Pina, Gene5, Pinb, and PseudoPinb genes, rather than sequence divergence (Figures 2A and 2B ).
Deletions of Pina and Pinb Genes Occurred Independently in the A and B Genomes of Polyploid Wheat Species
The extent of sequence homology between the different wheat genomes was analyzed to determine sequence conservation breakpoints (abrupt end of clear sequence similarity) and the genomic sequence at which the deletion(s) of the genomic segments carrying the Pina and Pinb genes occurred.
At the 59 end of the Ha locus region, different extents of sequence conservation between the A, B, and D genomes were observed ( Figure 2B, inset) . For the A genomes of T. turgidum and T. aestivum, sequence conservation covers the Gsp-1 gene and extends to 1473 bp at the 39 end of the Gsp-1 gene of the A genome of T. monococcum, the closest related diploid Triticum genome analyzed in this study (Figure 2B, inset) . One conservation breakpoint corresponds to the insertion site of an imperfect Angela solo long terminal repeat (LTR) in the A genomes of both T. turgidum and T. aestivum; this LTR is absent in T. monococcum ( Figure 2B, inset) . For the B genomes, maximum sequence conservation extends to 754 bp at the 39 end of the Gsp-1 gene of the D genome of T. aestivum. Thus, the breakpoint of sequence conservation is distinct from the one identified for the A genomes ( Figure 2B , inset) and is located 130 bp before the beginning of the relatively recent inversion/ duplication of two truncated copies of the ATPase genes discussed above ( Figure 2B ).
At the 39 end of the Ha locus (flanking the 59 end of Gene8), the A and B genomes of T. aestivum and T. turgidum contain several stretches of conserved sequences found also in the D genome of T. aestivum and disrupted by a miniature inverted repeat transposable element (MITE) and an unclassified retroelement ( Figure  2B, inset) . The A genome of T. aestivum and B genomes of both T. aestivum and T. turgidum have nearly identical breakpoints of sequence conservation, which differs from that of the A genome of T. turgidum because of a 2708 bp deletion ( Figure 2B , inset, Del1Att).
The sequence remaining between these two breakpoints could not be aligned between the A and B genomes of T. turgidum and T. aestivum or to any other Triticum genome ( Figure  2B , inset, termed nonaligned DNA). The A genomes contain the truncated imperfect Angela retroelement ( Figure 2B, inset) . The two B genomes harbor completely different sequences composed of one retroelement relic belonging to the class I Athila LTR retrotransposon, in addition to two truncated recently duplicated ATPase-relics ( Figure 2B, inset) .
The presence of different truncated retroelements in the Ha locus suggests their involvement in the deletion of the Pina and Pinb genes from the A and B genomes of tetraploid and hexaploid wheats, apparently by illegitimate recombinations. These events also appear to have occurred independently. The breakpoint of the truncated Athila retroelement in the B genomes and the breakpoint of the truncated Angela retroelement in the A genomes could correspond to those of deletion events at the Ha locus ( Figure 2B , inset, red arrows).
Other Genomic Rearrangements Observed at Different Ploidy Levels
In addition to the large deletions described above, other genomic rearrangements are also evident between the A and D genomes of different ploidy levels. Only the B genomes of T. aestivum and T. turgidum did not show any rearrangements. The dot plot was performed using the DOTTER program (Sonnhammer and Durbin, 1995) with default parameters between the pseudomolecule (without TEs and repeats) of the D genome of T. aestivum (vertical) and rice BAC clone AL732378 (horizontal) sequences. Annotation features identified for these sequences are reported on the corresponding axes. Diagonals on the dot plot output represent nucleotide conservation between the two sequences analyzed. Gene numbers and names are as in Figure 2 . Wheat genes that are deleted in the A and B genomes of T. turgidum and T. aestivum or that do not have homologs on the orthologous rice region are in red.
High Sequence Conservation of the B Genomes of Allopolyploid Wheat Species
The Ha locus region and 59 and 39 boundaries of the B genome of the hexaploid T. aestivum (19,274 bp) show 99% sequence identity with that of the B genome of the tetraploid T. turgidum (19,229 bp) and only 27 small indels (1 to 16 bp in a TA-repeated microsatellite sequence motif), and 33 single nucleotide polymorphisms account for the overall difference (only one B genome is presented in Figure 2B ).
Genomic Rearrangements in the A Genomes of Allopolyploid Wheat Species
The Ha locus region and 59 and 39 boundaries of the A genome of T. turgidum is 25,216 bp, whereas that of the A genome of T. aestivum is 20,745 bp. The first genomic rearrangement event responsible for this size difference is a 2708 bp deletion from the T. turgidum A genome relative to the T. aestivum A genome ( Figure 2B , Del1Att, inset). Sequence comparison between the two very closely related A genomes allows the exact identification of the deletion breakpoint and an antisense/complement TACT/ ATGA sequence motif that flanks the deletion ( Figure 2B , Del1Att, inset). Therefore, the observed deletion might have been generated by an illegitimate recombination event in the A genome of T. turgidum ssp durum compared with that of T. aestivum, which occurred after the deletion of puroindoline genes (both genomes have a common A genome ancestor derived from the tetraploid T. turgidum). The second genomic rearrangement event, which is responsible for the size difference between the two closely related A genomes, is at the 39 boundary of the Ha locus. The A genome of T. turgidum contains a fragment of 7325 bp, located between ATPase7-2 and ATPase7-3, that is absent in the A genome of T. aestivum ( Figure 2B, Ins1Att) . This corresponds to two LINE insertions in the A genome of T. turgidum.
Beside these two major rearrangement events, the remaining sequences show a similar level of sequence conservation (97% identity).
Genomic Rearrangements at the Ha Locus of the D Genomes
The region between Pina and PseudoPinb is two times shorter in the D genome of T. aestivum compared with that of Ae. tauschii (42,575 bp versus 80,171 bp). Figure 4 illustrates sequence conservation between Ae. tauschii and the D genome of T. aestivum. Seven colinearity breakpoints corresponding to TE insertions or genomic inversions or deletions are observed (Figure 4, breakpoints 1 to 7) .
Two TE insertions in the D genome of T. aestivum correspond to synteny breakpoints 1 and 7 (Figure 4 A large inversion is evident between the two D genomes (Figure 4) . In Ae. tauschii, the 59 sequence flanking this inversion contains a CCGATGTTATTA motif (present also in the D genome of T. aestivum), which is also found in inverse (complementary) orientation (TAATAACATCGG) at the 39 sequence flanking the inversion (in Ae. tauschii only). It is possible that this motif facilitated the large inversion by illegitimate recombination via cDNA strand exchange during replication. The site of DNA strand exchange would correspond to these motifs. 
DISCUSSION
Both expansion and reduction mechanisms of wheat genomes have been revealed in this study. TEs appear to have been very active since the divergence of the A, B, and D Triticum genomes as well as after the allopolyploidization events. Such activity results in genome size increases, as previously described in plants (Bennetzen, 2002; Devos et al., 2002; Ramakrishna et al., 2002; Wicker et al., 2003; Ma et al., 2004) . The observed genomic duplications also result in genome size increases. By contrast, several genomic deletions were observed that apparently resulted from illegitimate recombination events. The high rate of genomic rearrangements observed at the Ha locus provides evidence for a very plastic and dynamic nature of plant genomes (Petrov, 2001; Bennetzen, 2002) .
Evolution of the Ha Locus in the Pooideae Subfamily by Duplication of the Puroindoline Genes
Gsp-1, Pina, and Pinb are present only in species of the Pooideae subfamily, such as the genera Triticum, Aegilops, Hordeum (barley: hordoindoline), Secale (rye: secaloindoline), and Avena (avenoindoline), where soft endosperm texture is a dominant trait (Gautier et al., 2000; Darlingto et al., 2001; Morris, 2002) . These genes were not detected in species of other Poaceae subfamilies, such as rice, maize (Zea mays), or sorghum (Sorghum bicolor) (Gautier et al., 2000) . However, genes flanking the puroindoline genes cluster at 59 and 39 boundaries of Ha locus allow the identification of the rice orthologous region and reveal an ancestral organization in which wheat and rice are collinear for these boundary genes (i.e., Gene1 [BGGP gene], the cluster of ATPase genes, and Gene8) (Figure 3 ). In the orthologous barley Ha locus, these boundary genes as well as Gsp-1, Pina, and Pinb genes were not found in the same order as that of wheat and rice (Caldwell et al., 2004) . The authors (Caldwell et al., 2004) suggested genomic translocations and intrachromosomal rearrangements in the barley genome relative to the ancestral grass (rice and wheat) organization. In the orthologous rice region, no significant sequence similarity with the puroindoline genes was The dot plot was performed using the DOTTER program (Sonnhammer and Durbin, 1995) with default parameters between Ae. tauschii (vertical) and the T. aestivum D genome (horizontal) sequences. Annotation features identified for these sequences are reported on the corresponding axes. Gene numbers and names as well as color codes for TEs and other DNA sequence classes are as in Figure 2 . Diagonals on the dot plot output represent nucleotide conservation between the two analyzed sequences. Synteny breakpoints representing rearrangements are shown with numbers (from 1 to 7): TEins, TE insertion; Inv, inversion; Del, deletion. TE insertion events in the Ae. tauschii (black). TE insertion events in the D genome of T. aestivum are in blue. Inversion events and identified sequence motifs at breakpoint (in Ae. tauschii) are in green. Deletion events in the D genome of T. aestivum and identified sequence motifs (in Ae. tauschii) are in red. detected in our study or in that of Caldwell et al. (2004) . However, the presence of a putative Gsp-1-relic was previously suggested in rice based on the comparison with the Ha locus of T. monococcum (Chantret et al., 2004) . Nevertheless, these different observations suggest that the puroindoline genes are specific to the Pooideae. On the other hand, the fact that Pina and Pinb genes are more similar to each other (70% AA similarity) than to the Gsp-1 gene (56 to 58% AA similarity) suggests that they originated from two independent duplications of an ancestral Pooideae Gsp-1 gene (Tranquilli et al., 1999; Chantret et al., 2004) .
Other duplication events involving puroindoline genes were revealed in our study. In addition to the PseudoPinb found in the D genomes (Ae. tauschii and T. aestivum), the Pinb-relic is present in Ae. tauschii, T. monococcum, and the D genome of T. aestivum ( Figure 2B ). The presence of the same Pinb-relic in both D genomes and T. monococcum indicates that the duplication event occurred before the divergence of the A and D genomes. The equal sequence divergence in the common parts of the three duplicated regions did not allow us to determine whether the Pinb-relic is derived from a Pinb or PseudoPinb duplication event. The precise sequence motif positions are supplied in Supplemental Data 2 online. ND, not determined; TE, TE sequences; Unass, unassigned sequences. References: 1 and 2 (Devos et al., 2002; Ma et al., 2004) , 3 (none), 4 and 6 (Bzymek et al., 1999; Demura et al., 2002; Molinier et al., 2004; Tufarelli et al., 2004) , and 5 (Demura et al., 2002) . Red circles represent motifs observed at rearrangement breakpoints. Black lines indicate nonrearranged DNA segments; blue arrows indicate nascent rearranged DNA genomic segments. Yellow lines represent the direction of synthesis of nascent rearranged DNA.
In barley, two homologs of the Pinb gene, the hordoindoline b genes (Hindb1 and Hindb2), (GenBank accession number AJ276143; Darlingto et al., 2001; Caldwell et al., 2004 ) are closer to each other (95% of sequence identity) than to any wheat Pinb or PseudoPinb genes. These observations do not allow us to determine whether the duplication of Pinb and Hindb genes (and pseudogenes) took place in a common ancestor, followed by rapid divergence of nonfunctional Pinb genes in the Triticum genus, or from independent duplication events in the Triticum and Hordeum genera. The later hypothesis is favored by the frequency of duplication events revealed in this study.
Evolution of the Ha Locus in Polyploid Wheat Species by Genomic Deletions
If the Ha locus has evolved in the Pooideae by duplication of puroindoline genes, it also represents a classical example of a trait whose variations arose from gene elimination after polyploidization. We showed that the previously reported Pina and Pinb gene loss from the A and B genomes of polyploid wheat species (Gautier et al., 2000) is due to one or more genomic deletions of a large genomic segment containing additional genes (Gene3, Gene5, PseudoPinb, and Pinb-relic) rather than sequence divergence. These gene deletion event(s) occurred only in the A and B genomes of allopolyploid wheat species (wild and domesticated), as both the Pina and Pinb genes are present in all the diploid wheat species without exception, including T. urartu (the A genome progenitor) and Aegilops species from the Sitopsis section (described as the species most closely related to the B genome progenitor) (Gautier et al., 2000; Morris, 2002) (Figure 1) . Polyploidy has been shown to induce DNA sequence elimination in the first generations (first to third) of synthetic wheat polyploids Shaked et al., 2001 ), but nothing is yet known about the mechanisms of the observed genomic rearrangements. By comparison, the link between allopolyploidization and the evolutionary events that occurred and shaped the Ha locus in the A and B genomes of allopolyploid wheat species cannot be clearly established. However, our study allows identification of the extent and sequences of deleted genomic regions at this locus and suggests a mechanism by which they occurred. Detailed analysis of the remaining sequences at the Ha locus region in the A and B genomes of polyploid wheat revealed different truncated retroelements. As a consequence, Pina and Pinb gene deletions may have been driven by one or more interelement as well as intraelement illegitimate recombination events (Devos et al., 2002; Ma et al., 2004) . We propose that these illegitimate recombination events occurred independently in the A and B genomes because they involved different retroelements and unassigned DNA sequences. Such events appear to be frequent at the Ha locus of wheat species because one additional deletion event in the A genome of T. turgidum ssp durum ( Figure  2A , Del1Att) and other deletion events in the D genome of T. aestivum (Figure 4) were observed.
Since the emergence of allohexaploid bread wheat and its spreading to a more northern cultivation area, the Ha locus (of the D genome) has been subjected to selection pressure leading to hard wheat cultivars as a result of mutations or genomic rearrangements (such as Pina gene loss) (Giroux and Morris, 1998; Giroux et al., 2000; Morris, 2002) . Furthermore, our study revealed that additional genomic rearrangements by illegitimate recombination, including two deletion events (different than the Pina and Pinb genes deletion), had occurred in the Ha locus of the D genome of hexaploid wheat as compared with that of the diploid Ae. tauschii. The genomic rearrangements in the D genome of hexaploid wheat could not be unequivocally attributed to polyploidization, domestication, or divergence between the Ae. tauschii accession sequenced here and the real donor(s) of the D genome. All three evolutionary forces most likely shaped the Ha locus.
Molecular Mechanism of the Evolutionary Events at the Ha Locus
Based on analysis of truncated TEs in Arabidopsis and rice genomes, DNA elimination by illegitimate recombination has been suggested as a major evolutionary force of plant genomes that counteract genome expansion by TE insertion or genomic duplication (Devos et al., 2002; Ma et al., 2004) . However, it has not been possible to determine the extent and sequence composition of the rearranged genomic regions or whether illegitimate recombination involved sequences other than TEs. To elucidate these mechanisms, our strategy was based on (1) comparison between rearranged and nonrearranged genomes with different polyploidy levels, (2) identification of rearrangement breakpoints and specific sequence motifs, and (3) comparison with similar mechanisms previously proposed for eukaryotic as well as prokaryotic organisms (Bzymek et al., 1999; Demura et al., 2002; Molinier et al., 2004; Tufarelli et al., 2004) . In contrast with homologous recombination, which requires pairing of two copies of genes or long repeats, illegitimate recombination events require smaller sequence motifs and occur in any genomic region (Kirik et al., 2000; Gregory, 2004) . The ubiquitous identification of short conserved sequence motifs at rearrangement breakpoints observed in this study suggests illegitimate recombination, although different mechanisms leading to various rearrangement events (deletions, duplications, and inversions) are implicated ( Figure 5 ). Thus, it was found that such events could take place by errors in DNA replication, such as replication slippage ( Figure 5 , event 5) (Demura et al., 2002) , intermolecular and intramolecular unequal crossover ( Figure 5 , events 4 and 6) (Bzymek et al., 1999; Demura et al., 2002; Molinier et al., 2004; Tufarelli et al., 2004) , or other unknown mechanisms ( Figure 5, event 3 ). Illegitimate recombination has also been shown to be implicated in DNA double-stand repair (Gorbunova and Levy, 1999; Kirik, 2000) . Contrary to previous observations (Devos et al., 2002; Ma et al., 2004) , the illegitimate recombination events proposed in this article did not always occur in TE sequences ( Figure 5 ). The two genomic deletion events in the Ha locus of the D genome of T. aestivum occurred in DNA sequences classified as unassigned ( Figure 5) . Thus, our results show that the rejoining of DNA fragments separated by several kilobases, and carrying different types of sequence classes, may occur by illegitimate recombination that is driven by short sequence motifs and could explain the diverse distribution, size, and sequence composition of the eliminated genomic DNA fragments ( Figure 5 ).
METHODS

BAC Clone Isolation
The BAC clone from Aegilops tauschii (genome D) carrying the Gsp-1, Pina, and Pinb genes was isolated previously (Turnbull et al., 2003) and kindly provided by S. Rahman. The Triticum monococcum (genome A) BAC clone carrying the Ha locus was sequenced previously (GenBank accession number AY491681; Chantret et al., 2004) and has been incorporated in our comparative analysis. BAC clones containing the orthologous Ha locus region in the A and B genomes of durum wheat and the A, B, and D genomes of hexaploid wheat were obtained from T. turgidum ssp durum cv Langdon65 (Cenci et al., 2003) and T. aestivum cv Renan BAC libraries by screening with PCR primers or probes specific to the Gsp-1, Pina, and/or Pinb genes (Gautier et al., 1994) . Assignment to the A, B, or D genomes of the BAC clones from these two polyploid species was based on their further characterization by restriction fragment length polymorphisms and fingerprinting on agarose gels. To ensure maximum coverage of the Ha locus, the longest BAC clones were sequenced.
BAC Sequencing and Sequence Assembly
BAC shotgun sequencing was performed at the Centre National de Sé quenç age (Evry, France). Briefly, BAC DNA was extracted by partial alkaline bacterial lysis and purified by two consecutive centrifugations in a caesium chloride gradient. Approximately 40 mg of sheared BAC DNA (Genemachines hydroshear; San Carlos, CA) resulted in fragments that were separated on preparative LPM agarose gels (FMC, Rockland, ME). DNA fragments of 5 kb were eluted with b-agarase (Biolabs, Hitchin, UK) and ligated to the BstXI-digested pcDNA2.1 vector (Invitrogen, Carlsbad, CA). All sequence reads of subclone ends were performed using dye primer sequencing on ABI3730 machines (PE-Applied Biosystems, Foster City, CA). A target of 10-fold coverage was chosen. Sequences were assembled into contigs using PHRED (Ewing and Green, 1998) and PHRAP (P. Green, unpublished data) software. Gaps between the contigs were filled and sequenced by primer walking and transposition reactions (Finnzymes, Espoo, Finland) . Poor-quality sequences were determined using specific primers and dye terminator sequencing on an automated ABI3730 sequencer (PE-Applied Biosystems). Consensus sequences were considered as valid when at least 98.0% of the nucleotides were base-called with a PHRAP score above 40. The consensus sequence was obtained after analysis of at least three sequence reads (on both strands) or using sequencing methods based on two different labeling procedures applied on one strand. The final assembling as well as individual single nucleotide polymorphisms between BAC clones were systematically PCR checked.
Sequence Annotation System
Genes and repeated elements (TEs and short repeats) were identified by computing and integrating results based on BLAST algorithms (Altschul et al., 1990 (Altschul et al., , 1997 , predictor programs, and different software detailed as follows.
Gene Structure Analysis
Gene structures and putative functions on the seven BAC clones analyzed were identified through BLASTN and BLASTX alignments against dbEST (http://www.ncbi.nlm.nih.gov/ ) and SwissProt databases, as well as using the gene predictor program GeneMark.hmm (http://opal.biology. gatech.edu/GeneMark/eukhmm.cgi; Lukashin and Borodovsky, 1998) with three training versions (i.e., rice [Oryza sativa], wheat, and Arabidopsis thaliana). To incorporate heterologous information, we only recovered
ESTs showing a minimum of 70% identity on at least 70% of the EST length. No cutoff was imposed on the BLASTX alignment against Swissprot to identify all potential gene encoding regions.
The CDS structure consists of a consensus that we derived from the three information sources previously described. The gene content parameter represents the sum of known genes, hypothetical genes, unknown genes, and pseudogenes. Known genes were named based on BLASTX results against proteins with known functions (SwissProt). CDSs were considered as hypothetical genes if their identification was only based on the GeneMark.hmm predictor (as a consensus of the structures suggested by the rice, wheat, and Arabidopsis trained versions), without any evidence of putative function based on BLASTX results; as unknown genes if the identification was only based on matching ESTs, without any evidence of putative function based on BLASTX results; and finally as pseudogenes if frame shifts need to be introduced within the CDS structure to better fit a putative function based on BLASTX results. Truncated pseudogenes, corresponding to genes disrupted by large insertion or deletion events as highly degenerated CDS sequences, were considered gene relics.
TEs
TEs were detected by comparison with two databases of repetitive elements. Core domains (nucleic coordinates of known elements) were identified through BLASTN alignments against TREP (nucleic nonredundant database, TREPnr), a public annotated version of repetitive elements from Triticeae species, mainly wheat and barley (Hordeum vulgare) (http://wheat.pw.usda.gov/ITMI/Repeats/index.shtml) (Wicker et al., 2002) . LTRs and limits were identified through BLASTN alignments against Repbase (http://www.girinst.org/Repbase_Update.html) (Jurka, 2000) . Finally, putative and hypothetical polyproteins were identified by BLASTX alignments against TREP (hypothetical protein database, TREPprot). We used 1e ÿ4 as a cutoff for BLASTN alignment results (either on TREPnuc or Repbase). No cutoff was imposed for BLASTX results on TREPprot. Nested insertions of TEs were considered only when complete reconstruction of the split element was possible with no ambiguity. Other TE structures (either novel or highly degenerate TEs) were identified within the remaining unassigned DNA either by LTR_STRUC or BLASTX against the nonredundant database (National Center for Biotechnology Information). When it was possible (complete elements), target-site duplications were indicated in the commentary of the element. TEs were subgrouped as class I, including LTR retrotransposons (such as copia and gypsy elements or LARDs and TRIMs) and non-LTR retrotransposons (such as SINEs and LINEs), class II, including DNA transposons (CACTA-like or not) and MITEs, and unclassified elements within TREP or Repbase databases. Unassigned DNA corresponds to sequences in which neither CDS nor TE was identified. Such unassigned DNA may contain short repetitive units (tandem repeats or inverted repeats) ( Figure 2B ).
Short repeated motifs were identified either as inverted repeats (EINVERTED; http://bioweb.pasteur.fr/seqanal/interfaces/einverted.html) or tandem repeats (Tandem Repeat Finder; http://tandem.bu.edu/trf/ trf.advanced.submit.html), with default parameters. Only repeated intervals longer than 100 bp were kept in our annotation results.
Pairwise comparisons of the seven BAC clones, including the analysis of each BAC sequence against itself, were performed using the program Dotter (Sonnhammer and Durbin, 1995) to identify or confirm direct repeats, LTRs, local duplications, and deletion events as well as MITEs. Multiple sequence comparisons were performed with PIPMAKER software (Schwartz et al., 2000) .
As a final screening, unassigned DNA (free of annotated genes or TEs) was aligned using BLASTX against the National Center for Biotechnology Information nonredundant database (including translation of rice and Arabidopsis annotated CDS). This BLASTX analysis allows the extension of several TE features already identified.
Cross-analysis of the information obtained for genes and TEs as short repeats was integrated into ARTEMIS (Rutherford et al., 2000) using PERL scripts and is available in Supplemental Data 2 online. Genes are named with the initial letters when functions are known or just numbered. TEs are named with the classical nomenclature (i.e., element name, BAC name, appearance rank) and also designated as complete, truncated, and degenerated sequences as suggested in the TREP database.
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under the following accessions numbers: T. aestivum genome A, CR626929; T. aestivum genome B, CR626930; T. aestivum genome D, CR626934; T. turgidum genome A, CR626933; T. turgidum genome B, CR626932; Ae. tauschii, CR626926.
